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Urban hydrology and green infrastructure (Gl) can be modedeusing the Automated
Geospatial Watershed Assessment (AGWA) Urban tool and theirematic Runoff and
Erosion (KINEROS2) model. The KINEROS2 model provides arban modeling element
with nine overland ow components that can be used to represet various land cover
types commonly found in the built environment while treatoprunoff-runon and in ltration

processes in a physically based manner. The AGWA Urban toolilizes a Geographic
Information System (GIS) framework to prepare parameterequired for KINEROSZ2,
executes the model, and imports results for visualizatiomithe GIS. The AGWA Urban
tool was validated on a residential subdivision in ArizondJSA, using 47 rainfall events
(June 2005 to September 2006) to compare observed runoff voimes and peak ow

rates with simulated results. Comparison of simulated and laserved runoff volumes
resulted in a slope of 1.00 for the regression equation with m R? value of 0.80.

Comparison of observed and simulated peak ows had a slope ofl.12 with an R? value

of 0.83. A roof runoff analysis was simulated for 787 eventdrom January 2006 through
December 2015, to analyze the water availability from roofunoff capture. Simulation
results indicated a 15% capture of the average monthly raiafl volume on the watershed.
Additionally, rainwater captured from roofs has the poteial to provide for up to 70%

of the domestic annual per capita water use in this region. #& different scenarios
(S1 - base, S2 - with retention basins, S3 - with permeable dvieways, S4 - with rainwater
harvesting cisterns, and S5 - all Gl practices from S2, S3, ahS4) were simulated over
the same period to compare the effectiveness of Gl implemeation at the parcel level
on runoff and peak ows at the watershed outlet. Simulation esults indicate a higher
runoff volume reduction for S2 (53.41 M average capacity, average 30% reduction)
as compared to S3 (average 14% reduction), or S4 (3.78 fh capacity, average 6%
reduction). Analysis of peak ows reveal larger peak ow redction for S2. S3 showed

more reduction of smaller peak ows as compared to S4.

Keywords: urban hydrology, green infrastructure, semi-arid
GIS

, hydrologic model, stormwater, AGWA, KINEROS2,
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INTRODUCTION (Srinivasan and Arnold, 1994; Bhaduri et al., 2000; Millerlgt a
2007; Chen et al., 2009; Lee et al., 2012
Urbanization causes an increase in impervious surfaces, (e.9. The US Department of Agriculture's (USDA) Agricultural
roofs, driveways, parking lots, and roads) by replacing véigeta Research Service (ARS) developed the Kinematic Runo
and pervious natural areas. As a result, the area availabledo and Erosion (KINEROS2) model. KINEROS2 is a spatially
in Itration of rainwater is substantially reduced. Addanally, distributed, physically based, event driven model that $ates
soil compaction due to subdivision construction can resalt i runo and erosion for small watershedsSith et al., 1995:
reduced pore-water storage capacity thereby reducing@titn ~ Goodrich et al., 2072 Overland ow is simulated using
rates Gregory et al., 2006; Pitt et al., 2008; Woltemade, 201Rinematic wave equations over rectangular elements wiikali
Yang and Zhang, 2011; Kennedy et al., J0Burface runo  or curvilinear hillslopes, and concentrated ow in trapezdida
volumes and peak discharges can increase signi cantly Iseazfu channels. In Itration is simulated using a modied Smith-
reduced in Itration and increases in connected imperviousas  Parlange in Itration model Parlange et al., 1982KINEROS?2
(Shuster et al., 2005Increased surface runo can also result contains a rectangular urban element that consists of up to
in higher downstream loads of urban pollutants, such as leacine overland ow areas that contribute to one-half of a paved,
zinc, iron, suspended solids, fecal coliform bacteria,ogén, crowned street. These nine overland ow areas include: (1)
phosphorus, and hydrocarbon®(da et al., 1982; Characklis directly connected pervious (DCP) area, (2) directly coneec
and Wiesner, 1997; Norman et al., 2008; Bedan and Clausdmpervious (DCI) area, (3) indirectly connected impervious
2009. (ICl) area, (4) indirectly connected pervious (ICP) area) (5
Green Infrastructure (GI, also referred to as Low Impactconnecting pervious (CP) area, (6) connecting impervious
Development, or LID) has gained prominence in the(Cl) area, (7) non-contributing (NC) area, (8) an in ltratm
management of stormwater to mitigate the e ects of urbari@at retention basin (RB) area, and (9) street half on to which the
on watershed hydrology. There has been a shift in stormwatefforementioned overland ow areas contribute runo . All nine
management techniques from traditional practices, such agw areas are not required for each urban element for simiokat
curb-and-gutter systems, large detention basins, and éraed A single housing parcel in the urban area can have various
channels, to source control measures that use a variety efirfaces that can aect hydrology dierently. These surfaces
cost e ective on-site design techniques to store, inltrate include impervious roofs and driveways, pervious yards, and
evaporate, and detain runo. These practices include rairwater sinks that can pond during rainfall events. With the
gardens, bioretention cells or basins, permeable pavementslp of the nine ow areas, the urban element can represent
green roofs, swales, in ltration trenches, roof runo hassting, various ow-on/ ow-0 processes from these surfaces. These
and impervious disconnection)(etz, 200) that have varying ow areas allow for model representation at a ner scale alluyv
degree of performance and e ectivenes®pton et al., 201p better understanding of hydrological interactions and eat
Analysis and mitigation of urban water quantity and quality a housing parcel level. The urban element in KINEROS2 can
issues, as well as the role of Gl, requires a better undefistgof  be used to represent a single housing parcel or a number of
the physical hydrological processes within urban areasoMari parcels in an urban developmerit¢énnedy et al., 20)3The ICI
urban hydrological models have been successful in repriegent can be used to represent roofs, DCI for driveways, CP for front
and simulating urban hydrological processes as well as Ghrds and DCP for all other yards, NC for swimming pools or
practices Zoppou, 2001; Elliott and Trowsdale, 2007; Jayasooriywalled areas, and RB for retention basins or rain gardens on the
and Ng, 2013 All of these models have inherent assumptionsparcels. A typical urban watershed can be represented as a serie
with a goal to represent hydrological processes accuratelyf urban elements with the assumption that runo ows from
while keeping the model simple and easy-to-use. E ectiveach elementinto a street or alley half and follows the pathal
urban hydrological models are typically spatially distritditas the street or alley to the watershed outlet.
they attempt to represent the heterogeneous nature of urban KINEROS2 requires parcel parameters in the form of
landscapes. By their nature, spatially distributed hydriglog dimensions, slope and fractional area of the urban overland
models require copious spatial data on urban landscapes anow areas; and street parameters in the form of width,
hydrologically important watershed characteristics (elgnd grade, and cross slope. KINEROS2 also requires land cover
cover, land use, Gl, soils, and topography). The process parameters, which include values for hydraulic roughness fo
acquiring this data and extracting model parameters can bstreets, impervious and pervious surfaces, interception defpth
tedious and lengthy. Geographic Information Systems (GlS)mpervious and pervious surfaces, and canopy cover fractions.
provide capabilities and techniques to e ciently addressse Additionally, KINEROS2 requires soils parameters in the form
tasks, and visualize, analyze, and interpret spatial patterms saturated hydraulic conductivity (Ks), coe cient of varice
(DeVantier and Feldman, 1993; Stuart and Stocks, 1993; Sofi Ks to represent small-scale in Itration variabilitys(nith and
and Maggio, 1999; Vieux, 2001; Goodchild et al., 2005Goodrich, 200)) mean capillary drive (potential of capillary
The increasing availability of spatial data coupled with GlSuction in unsaturated soils), porosity, pore size distribati
capabilities, a ords greater opportunity to simplify the proce$s index, and volumetric rock fraction. Precipitation data ihet
using this data in hydrological models. Numerous hydrot@di form of time-intensity or time-accumulated depth pairs drive
models have been coupled with GIS to facilitate parameteahe KINEROS2 model. An urban simulation using KINEROS2
extraction from spatial data and visualization of modelingukts  yields output in the form of runo, in ltration, and storage
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for each individual element. Additionally, KINEROS2 canoals integration with the AGWA tool. This study has three objeets:
output peak ow hydrographs at each element and at the outlet(1l) Validate the capabilities of the AGWA Urban tool and
The KINEROS2 urban element assumes negligible sedimeKtINEROS2 to model urban hydrology and green infrastructure;
production and therefore does not output sediment yield irsthi (2) Analyze the roof runo availability for water use in a semi
version. arid climate; and, (3) Analyze the e ectiveness of Gl practioe
KINEROS2 was used to model runo from a small residential ood mitigation by reducing runo volumes and peak ows at
development in Sierra Vista, Arizona in studies conducted byhe watershed outlet.
Kennedy (2007andKennedy et al. (2013Kennedy et al. (2013)
looked at three di erent discretization levels by lumping t6é
residential lots into 1, 5, and 23 KINEROS2 urban elementdlIETHODS
and concluded _that the accuracy of the model increased W'tgtudy Area
the level of detailed representation of the developmiéatinedy S ) . .
o . - The La Terraza subdivision in Sierra Vista, Arizorkaglre 1)
(2007) also performed a sensitivity analysis that indicated
. . . .~ . was selected as the study area basedemedy et al. (2013)
saturated hydraulic conductivity to be the primary estinoati I . . .
. . - study, and the availability of input datasets and high qualit
parameter to simulate runo behavior. The study also highted . . . . . .
. . - . observations of rainfall and runo . Sierra Vista is located i
the minimal uncertainty of parameter estimates in the urba

n . . . i
watersheds, concluding that model uncertainty arose frooust ;:ocrkg)s(ﬁn;:tc;llmt)l/ ?I,?)Osrﬂm\r/]v?tft::lnaﬁ:iglnivs:aag e:i\::?t:g;ioor:
structural errors and input data errorYatheendradas et al. bp y L ’ ge precip

(2008) performed a comprehensive sensitivity analysis on thé)f 360mm and annual mean temperature of 1T4based on

KINEROS2 model for ash ood forecasting, and concluded records over the period 1981-2000. Sierra Vista is locatetl we

that the predominant source of uncertainty in modeled runo of the San Pedro River and is contained in the Upper San
pre rainty in n . Pedro HUC 15050202 watershed. The La Terraza subdivision
response is due to depth/volume bias in rainfall estimates . . . .
. L . . 15 a residential development spanning 14 hectares located in
followed by the saturated hydraulic conductivity, soilwmoletric . .
. . . o the western part of the city. This study focused on an urban
rock fraction and soil hydraulic roughness. The capabdite watershed consisting of 66 housing lots with an average parcel
KINEROS?2 to model urban hydrology in detail forms the basis . 9 9 gep

. ) size of 1,780 ) average house area of 3807 nmaverage
off[he present study by representing each parcel in the Walt‘HirSh((airiveway area of 108 fnand 7.3 m wide asphalt streets within
using the urban element.

. the La Terraza subdivision. An undeveloped upland grassland
The Automated Geospatial Watershed Assessment (AGWA, atershed to the west contributes runo to the urban watexgh

tool was jointly developed by the USDA-ARS, the UniVersnyviaaconcrete channel. Runo within the urban watershed ows
of Arizona, and the EPA/ORDNiller et al., 200). AGWA is :

L . . over the streets, with the exception of a corrugated pipe that is
a GIS-based tool that uses existing spatial datasets in the fo located underneath La Terraza Drive that drains a 1.3 haiarea

f digital elevation m Is (DEM), lan ver m ilm
of digital elevation models ( ), land cove aps, so ap?he northern part of the urban watershed to the outlet. Runo
and weather data to prepare parameters for hydrological models,

Currently, AGWA supports the Soil and Water Assessment Too?X'tS at the outlet via another concrete channel to the seagh
(SWAT; Amold et al., 199% the KINEROS2 model, and the ©f (€ urban watershed.
Rangeland and Hillslope Erosion model (RHENEaring et al.,
201). AGWA computes and supplies the parameters to thesEGWA Urban Tool
models, runs the models, and imports the results back in th&he AGWA Urban tool was designed and developed to harness
GIS for visualization and analysis. AGWA is designed to ptevi the capabilities of the KINEROS2 model to represent urban
qualitative estimates of runo and erosion relative to l@tdpe areas in detail, and to create tools to use spatial datasets
change. It, like virtually all watershed models, cannot pdevi in parameter preparation for the model. The AGWA Urban
quantitative estimates without careful calibration usihggh  tool was developed using the .NET Framework using the C#
quality rainfall-runo observations. and VB.NET programming languages in the Microsoft Visual
AGWA has been used to assess land use impacts on watstudio Integrated Development Environment. ESRI provides an
resources in a number of studied€rnandez et al., 2000; Miller ArcObjects software development kit for the .NET Framework
et al., 2002; Baldyga et al., 2004; Kepner et al., 2004, 2019, 2 to build Windows applications with GIS functionalities. Using
Hamad et al., 2012; Nazarnejad et al., 2012; Baker and MilleNET and ArcObjects, Windows-based forms were developed
2013; Burns et al., 2013; Barlow et al., J0Several studies to that interface with existing GIS functionalities in ESRI Kap.
assess post- re hydrological responses in watersheds have b&he AGWA Urban tool is an ArcMap add-in that provides
conducted using AGWACan eld et al., 2005; Goodrich et al., tools to prepare parameter les for the KINEROS2 model,
2005; Sidman et al., 201®ther applications of AGWA include runs the model, and imports the results into ArcMap for
rangeland managemenBpodrich etal., 2011; Weltz etal., 2011 spatial visualization and analysis. Input parameters arergésa
ood hazard studies{lorman et al., 2010; Nedkov and Burkhard, from parcel, street, land cover, soils, and precipitation slets
2019 and watershed assessment(lulla and Eshtawi, 2007; Additionally, inputs in the form of overland ow paths, and Gl
Yang and Li, 2011 designs and locations can be manually provided. Each parcel
This study presents a GIS approach to simulating urbarms represented as a KINEROS2 urban element. The AGWA
hydrology and Gl using the KINEROS2 model, and itsUrban tool executes the KINEROS2 model based on these input
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FIGURE 1 | The La Terraza urban watershed in Sierra Vista, Arizona. Ins&INEROS2 assumption of the user-de ned ow route. KINEROS2 asumes that overland
ow is off the parcel into the street (dark green arrows), and ecumulates along the street toward the watershed outlet @it green arrows).
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parameters. Runo and in Itration results are visualized agps  be by rain gage, by element, or for the entire watershed. The
and peak ow results are displayed as hydrographs. AGWA Urban tool creates a precipitation text le based on the

] ] ) user inputs in the simulation workspace.
Steps Involved in an AGWA Urban Simulation

Setup urban geodatabase KINEROS2 input les
The AGWA Urban tool prepares the simulation workspace withKINEROS2 requires ASCIl text les as inputs for model
a geodatabase to store spatial and tabular data prepared atid usxecution. The AGWA Urban tool converts the spatial and
by an urban simulation. This step requires spatial data far thtabular data from the preceding steps into text les and saves
parcels and the streets. Required inputs are parcel and strgst mghem in the simulation workspace. A parameter le stores
that contain location data and dimensions (length, widtbuse the input parameter data for each parcel and the sequence
size, driveway size, and slope) for each of the parcels aretstre of execution of the parcels. A KINEROS2 control le directs
The subsequent steps create les and relational tables tieat athe model with the parameter lename, precipitation lename,
stored in the simulation workspace and geodatabase, resphcti  output lename, duration, and time steps for the simulation. A
Gl volumes le is created with initial volumes of the cisterns,
Flow routing and retention basins, for each parcel. The volumes in this
Overland stormwater ow paths are required asinputsinthe ow |e are updated after the simulation. A batch le is created
routing step. These ow paths can be input as map layers, othat can execute the KINEROS2 model on the command line.
can be created using the drawing tools provided by ArcMap. Thglultiple simulations based on di erent combinations of ow
AGWA urban tool links the ow paths to the parcels, performs routing, parameterization, and precipitation data can be tda
checks to ensure continuity in the paths, and creates a tabl@ this step. The AGWA Urban tool also provides an optional
representing the ow route for the urban watershed. batch mode option to prepare and run KINEROS2 for multiple

L precipitation events.
Parameterization

Parcel, street, land cover, and soils parameters are de ned Model execution

the parameterization step. Parcels and street parameterse&can INEROS2 is a FORTRAN based model that runs on the
de ned based on existing data for each parcel (provided via th#licrosoft command line. The AGWA Urban tool executes the
parcel map), or created homogeneously for all parcels. Sigilar KINEROS2 model using the created input les. A command
land cover parameters can be created for all parcels. Th@ompt displays the progress of the simulation and its status
AGWA Urban tool requires the nationally available Soil Syrve as success or if it encountered any errors. KINEROS2 creates
Geographic Database (SSURGO) to extract soil parameters basedoutput text le, which summarizes water balances for each
on the input soils map. All parameters created in this step ar@rban element and the entire watershed. Hydrograph les are
stored in a parameterization table that may be modi ed to rete  also created for each parcel and the entire urban watershed.
variations in parameters for each parcel. Note that SSURGO soils

data are typically derived for a non-developed environmeat. S Importing and visualizing results

importation and compaction for subdivision and foundation pad The AGWA Urban tool imports text le results from KINEROS2
construction may result in soil parameters substantially céet ~ Simulations into ArcMap and links them to the spatial data,
from those represented in the SSURGO soils databiésenedy thereby allowing the user to visualize the data using the GIS
et al., 201} In this case, local, post-construction soil hydrauncinterface. The user can visualize runo and in ltration vohes

property measurements are recommended. for each individual parcel, as well as accumulated runo along
the streets as stormwater ows toward the outlet. Addititypa
Gl design and placement the user can also compare runo, in ltration, and accumulated

Currently the AGWA urban tool provides options to design runo between simulations using absolute and percent change
three di erent kinds of GI practices: (1) retention basins) (2 options. Hydrographs can be viewed at the outlet of the
permeable driveways, and (3) rainwater harvesting cistéfas  watershed as well as for each individual parcel.

retention basins, the size and depth of the basin are required . .

along with the hydraulic conductivity of the basin material AGWA Urban Tool Validation

Hydraulic conductivity values for the driveways are regdiin ~ The AGWA Urban tool was validated using forty-seven observed
order to model the driveways as permeable. To use the raimwatginfall and runo events from July 2005 through September

harvesting functionality, the volume of the capturing cistés 2006 for the La Terraza urban watershed. During this angysi

required. After these designs are created, they can thepilied ~ there were no GI practices installed on any of the parcels.

to the parce|s |nd|v|dua"y or C0||ective|y_ Hence, Gl was not included in the validation analySiS. Ralinf
data was extracted from four recording rain gauges (USDA
Precipitation Southwest Watershed Research Center, SWRC, gauges 401, 402,

The AGWA Urban tool accepts design storm precipitation403, and 404 - data available at https://www.tucson.argwag.g
data through the National Oceanic Atmospheric Administeati  dap/; Figure 1) with areal average rainfall event totals ranging
(NOAA) Atlas 14-point precipitation frequency estimatesfrom 2 to 35mm (events less than 2 mm were not used). Runo,
databases, or user-de ned depths and hyetographs, and dsnveboth in and out of the La Terraza urban watershed, was medsure
them into a time-depth format required by KINEROS2. by v-notch weirs (U.S. Geological Survey, USGS, weirs 9470820
KINEROS?2 also requires an initial soil saturation value ttwt and 9470825, respectivelyigure 1). Because peak and runo
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values are unreliable when the outlet “v” notch section a# th TABLE 1 | Description of the ve case study scenarios.
weir is overtopped, events that met this criterion were exetlid

to provide a high-quality data set of 47 events. Scenarlo Gl practice Description

The AGWA Urban tool was used to setup the input Sl Base - No Gl Validated model without any Gl practices
parameters for the model. Parcel and street les were obtained practices
from the Cochise County's Information Technology departrhen s> Retention Basin S1 with retention basin on all 66 parcels.
Parcel dimensions and street widths were extracted fronsehe (RB) Retention basin area equals 10% of the parcel
les. Base map imagery, available in ArcMap, was used to area, depth equals 0.3m, and hydraulic

conductivity of 8.3 mm/h. Average retention

determine the house and driveway areas on each parcel mgnuall basin capacity equals 53.41 13,

Every parcel was assumed to have a front yard area a

. . Permeable S1 with all 66 driveways considered permeable
a noncontributing area equal to 10% of the total lot area.

Driveways (PD) with a hydraulic conductivity of 8.3 mm/h

Values for slope, and Iand_cover parameters were o_btalned _frogl Rainwater S1 with a 3.78 m3 cistern on each of the 66
Kennedy et al. (2013)Soil parameters were obtained using Harvesting (RH)  parcels capturing roof runoff

the SSURGO database. The SSURGO dataset identi ed threg All Gl practices S1 with G designs from S2, S3, and S4 in
di erent soil map units within the La Terraza urban watershed combination on each of the 66 parcels

Each parcel was assigned a speci c set of soils parameters based

on the soil map unit it intersected. Flow paths were drawn

to represent the actual overland stormwater route conveygin

toward three parcels (IDs 28, 39, 64) toward the southeri§on guration, described in section AGWA Urban Tool
part of the urban watershedF{gure 1). The adder element Validation, was simulated over the analysis period of 10 year
in KINEROS2 was utilized to combine these three parcels t@ithout any GI practices. In scenario 2 (S2), a retention basi
represent the outlet. Stormwater was assumed to ow o thelot (RB) was installed in each parcel in the validation con guvati

into the streets and along the streets to the outlet. Thisyset The retention basin was designed with a surface area equal
of modeling elements with associated parameters is hereaft® 10% of the total parcel area, a basin depth of 0.3m, and a
referred to as the validation con guration. Runo from the hydraulic conductivity of 8.3 mm/h. The retention basin was
upland grassland watershed was provided to the model using ttgssumed empty at the start of each rainfall event. Note thad ru
injection functionality available in KINEROS2. The paranmete from driveways is captured by the retention basins to sineilat
text le created by the AGWA Urban tool was modied to retention of all available runo from the parcel. Scenario 3
incorporate an injection element. The AGWA urban tool crehte (S3) converted all driveways in the validation con guratio
input les for each of the events, and executed the model0 permeable driveways (PD) with a hydraulic conductivity
47 times. Every event had a measured initial soil saturatioff 8.3 mm/h. In scenario 4 (S4), each of the parcels in the
observation associated with each rain gage. Each simulati¥alidation con guration was installed with a 3.78%(1,000

was run for a duration of 720min with a time step of 30s.9allon) cistern to simulate rainwater harvesting (RH) o the
Output runo volumes and peak ows were then extracted for roofs. The cistern was assumed empty at the start of eachathinf

analysis. event. For scenario 5 (S5), Gl designs from S2, S3, and S4 were
all installed on each parcel in the validation con guratiorhe
Roof Runoff Analysis same 787 events from the roof runo analysis were used to

Each parcel in the above validation con guration was ttedhvi simulate these scenarios. Initial soil saturation was rassuas

a virtual 37.85 rﬁ (10]000 ga”on) cistern to estimate potentia|o.2 for all events. The AGWA Urban tool was used to design and
harvesting capacity, with the assumption that the cistern waBlace the dierent GI practices on each lot, to create the input
emptied before every event. The cistern capacity was chosen Iis, and execute the KINEROS2 model using the batch mode
order to ensure that all roof-generated runo was captured byfunctionality. Runo and peak ow results at the outlet of the
the cistern, thereby simulating maximum roof runo capture. urban watershed were extracted and compiled for analysis.
Rainfall data for this analysis was extracted from SWRC @&aug

403 for the period ranging from January 2006 to December ZOlﬁESULTS

comprising 787 rainfall events. The analysis was run withair -

time step for each of the rainfall events in the 10-year perfisee ~ The AGWA Urban Tool

AGWA urban tool was used to design and place the cisterns omhe AGWA Urban tool provides an easy-to-use framework to
each of the parcels. The batch mode functionality was udllive setup and execute the KINEROS2 model. Parcel IBi§ure 1)
write the input les and execute the model for each of the esent and its representation using the urban element with and witho
Post-simulation cistern volumes for each parcel were etéthc Gl practices, based on fractional areas of roofs, drivevays,

and compiled for roof runo analysis. yards is displayed irfFigure 2 The roof area is represented
) by the indirectly connected impervious area, driveway by the
Case Study Scenarios directly connected impervious area, front yard by the cortimgc

Five scenariosTable 1) were designed to assess the impactpervious area, and non-draining yards by the non-contribgti
of various Gl practices in the urban watershed. Scenario areas. All remaining areas are represented by directly ariade
(S1) is considered as the base scenario, where the validagelvious areas using the KINEROS2 urban element. For Gl
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FIGURE 2 | Parcel ID 9 in the La Terraza urban watershe eft), KINEROS2 representation without G(Center), and with retention basin (RB), permeable driveway
(PD), and rainwater harvesting (RH) GI practicéRight). Percent values of each of the overland ow areas are indicate of the percent of the total parcel area. DCP,
directly connecting pervious; ICI, indirectly connected imgrvious; CP, connected pervious; DCI, directly connected imervious; NC, noncontributing area.

practices, a retention basin can be represented by the retentt AGWA Urban Tool Validation

basin area in KINEROS2 with an associated retention volurde arRuno volumes and peak ows simulated by the AGWA Urban
hydraulic conductivity, a permeable driveway can be represen tool and KINEROS2 model are compared with observed values
using the directly connected impervious ow area by speciyin in Figure 5. Regression equation slopes of 1.00 for runo

a hydraulic conductivity, and rainwater harvesting can bevolumes and 1.12 for peak ows are indicative of good model
represented by specifying a cistern size to capture runo fronperformance. Root Mean Square Error (RMSE) was calculated for
the indirectly connected impervious area. The user specied  both runo volumes and peak ows using Equation (1), where
route in the AGWA Urban tool is converted to a KINEROS2 is the number of events, anf and O; represent the simulated
representation as shown iRigure 1. Although the ow route and observed results for each event

is drawn on the parcels, KINEROS2 assumes that each parcel

i s

contributes overland ow to the street half, and the subsemju P n s 02

runo follows the speci ed ow route along the street. RMSED B2 =T 1)
n

The AGWA Urban tool is capable of creating runo,
in Itration, and accumulated runo maps Figure 3). These
maps can show absolute or percent dierence in volume&omparison of the runo volumes results in an RMSE of 127.13
between simulations for each individual parcel, demonsdat M (di erence values ranging from 78.12 to 420.07), and peak
with percent increase in in ltration Eigure 3 left) from the S OWs results in an RMSE value of 0.06%s (di erence values
scenario (no Gl) to the S5 scenario (all Gl practices). Runoranging from 0.10 to 0.15) indicating a good t of the model.
volumes from a single scenario may also be displayed for each
individual parcel, demonstrated with runo fromthe S1sceisa R0OOf Runoff Analysis
(Figure 3, center). The accumulated runo may-igure 3 right)  Simulation results show an annual roof runo capture of 7,078
for scenario S1 (no Gl) shows the cumulative runo volumem?3 from all 66 parcels averaged over a period of 10 years. The
generated by the parcels and the streets combined as stoenwaaverage annual rainfall volume on all 66 parcels for the same
follows down the ow route toward the urban watershed outlet period equals 47,280 InThis means that the roofs are able to
Hydrographs can also be viewed, or exported from the AGWAapture 15% of the total rainfall volume per year, for all the
Urban tool, for each parcel or at the urban watershed outleparcels combined, averaged over a 10-year period. The taifl ro
(Figure 4). area for all 66 parcels equals 25,085 nesulting in 28 cm of
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FIGURE 3 | Visualization of results using the AGWA Urban tool with peent change in in Itration volumes between no Gl practices in $ and all Gl practices in S5
(Left), runoff volumes for S1(Center), and accumulated runoff from parcels and streets routed alog the streets for S1(Right).

usage of 0.41 Afday that amounts to approximately 150 fgear
(Maupin et al., 201% Thus, roof rainwater harvesting has a
capacity to provide for almost 70% of the domestic annual per
capita water use, assuming constant water use every month.

Figure 6 shows monthly average volumes of roof runo
captured as compared to the monthly per capita water usage.
Approximately 44 i of average roof runo can be available as
surplus water after household use in the monsoon months of
June, July, August and September, every year.

Case Study Scenarios

Table 2 summarize the average monthly runo volumes at the
watershed outlet for the ve scenarios described Table 1
Percent change in monthly runo volumes were calculated gsin
Equation (2), where S1 is the base scenario without Gl prestic
andn D 2, 3, 4, and 5 represent the four scenarios with Gl
practices, respectively.

Sn Sl

Percent Chandge 100 (2
FIGURE 4 | Hydrographs at the watershed outlet for the ve scenarios fothe For the simulated GI designs, retention basins in S2, and a
July 11, 2014 event. S2-RB, with retention basin; S3-PD, wit permeable combination of all Gl practices in S5 have the highest redundi

dr  S4-RH, with rainwater harvesting.
rveways With rainwater harvesting average monthly runo volumes at the watershed outlet daléd

by permeable pavements in S3, and rainwater harvesting in S4,
respectively. Scenarios S2 and S5 have identical resulfz éorce
average annual depth of rainfall captured per unit area of théhe month of July, when runo volume for S5 is lower than S2.
roofs for the La Terraza watershed. Percent reductions are greatest during the monsoon monghs a
Each house in the La Terraza urban watershed has theompared to the rest of the year for scenarios S2, S4, and S5. In
potential to capture an average of approximately 107 oh  contrast, S3 has lower percent reductions during the monsoon
rainfall annually. Cochise County has a domestic per capiteawva months. In summary, scenarios S2, S3, S4, and S5 show average
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FIGURE 5 | AGWA Urban tool validation results. Comparison of observetb simulated values for runoff volumegLeft) and peak ows (Right) at the watershed outlet.

One rainfall event on July 11, 2014, however, simulated lower
runo volumes at the watershed outlet for S5 as compared to
S2. This rainfall event had a total depth of 83 mm over a 190-
min duration amounting to a volume of 11,600 over the
entire watershed. The mean for all 787 events was 69(with
a standard deviation of 1,006 3nindicating that the July 11,
2014 event was indeed an outlier. This event compares to a 3-h,
200-year recurrence interval event from NOAA Atlas 14's poin
precipitation frequency estimates for the Sierra Vista etati
The July 11, 2014 event was the only event within the 10-
year period capable of generating runo from the parcels with
the designed Gl practices. The combination of retention h&si
permeable driveways and the harvesting cisternin S5 was eapabl
of capturing and reducing the parcel generated runo , explagni
the lower runo volume for S5 as compared to S2 for the month
of July. This event was a good indicator of the ability of Gl
to mitigate ood risks for higher recurrence interval event
Figure 4 shows a comparison of peak ow hydrographs for all
ve scenarios for this event at the watershed outlet. Sderfs
has the highest peak attenuation followed by S2. The secorkd pea
in the hydrograph (around 37 min into the event) for S2 and S5 is
due to the retention basins exceeding their retention capacid
FIGURE 6 | Average yearly roof runoff captured by a cistern and monthlger over owing onto the streets. The smaller permeable driveway
capita water usage for Cochise County estimated from a dailper capita areas in S3 contribute very little to in Itration, and resit peak
usage rate of 0.41 P /day. ows similar to the base scenario S1. Similarly, the 3. ?8istern

on every parcel in S4, only manages to capture a small portion of
the rainfall from the roofs of the houses.
volume reductions of 30, 14, 6, and 30%, respectively when Percent change in peak ows at the watershed outlet for each
compared to S1. of 787 rainfall events was calculated using EquationHigjure 7

Further investigation of the near identical results of sméos  plots the percent reduction against peak ows for S1 to identify
S2 and S5 revealed that the retention basins on each parcel h#&ends in the ability of Gl practices to a ect peak ows at the
the capacity to retain and in Itrate all of the runo generate watershed outlet. S2 has overall higher percent reductiopsak
from the respective parcel for most events. As a result, atbrun ows as compared to S3 and S4 due to amount of retention
at the watershed outlet can be accounted for by rainfall &xcevolume available, especially for larger S1 peak ows. S3 shows
generated by streets only. better peak ow reduction as compared to S4 for S1 peak ows
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TABLE 2 | Monthly runoff volumes at the watershed outlet for the ve cas study scenarios averaged over a period of 10 years (JanuaB006 to December 2015) and
percent reduction in monthly runoff volumes for the scenass as compared to the S1 base scenario (no GI) for the same perib

Month Rainfall (m 3) Runoff volumes at watershed outlet (m 3) and volume reduction compared to S1 (%)
S1-Base No Gl S2-RB S3-PD S4-RH S5-All GI

m3 m3 % m3 % m3 % m3 %
January 2,245 479 363 24 390 19 470 2 363 24
February 571 106 92 13 93 13 106 <1 92 13
March 1,349 271 218 20 229 16 264 3 218 20
April 392 77 63 18 64 17 77 1 63 18
May 383 79 62 21 63 20 78 1 62 21
June 2,944 1,057 476 55 993 6 953 10 476 55
July 14,274 4,706 2552 46 4,368 7 4,013 15 2,519 46
August 12,448 3,958 2013 49 3,669 7 3,344 16 2,013 49
September 8,064 2,287 1304 43 2,058 10 1,968 14 1,304 43
October 1,659 361 268 26 307 15 333 8 268 26
November 1,552 325 251 23 269 17 318 2 251 23
December 1,399 277 226 18 231 16 273 1 226 18
Average 3,940 1,165 658 30 1,061 14 1,016 6 655 30

lower than 0.2 m/s. However, for higher S1 peak ows, peakrepresentation of a parcel is always assumed rectangular. As a
ow reduction for S3 decreases. It is also important to notatth result, for non-rectangular shaped parcels, roofs, drivevays,
majority of the storms generate peak ows less than 13spand  yards, a distortion of physical reality must be expected in the
peak ows do not exceed 2.25%s, except for the July 11, 2014 representation.

event. A combination of the detailed parcel representation and
the ability to simulate sub-hour time steps for rainfall eten
enables the KINEROS2 model to represent the physical processes

DISCUSSION of in ltration and runo for each parcel, and their responses

The AGWA Urban Tool to rainfall variability within an event. This gives a better

The AGWA Urban tool provides a user-friendly method to setupunderstanding of the role of each individual parcel and its Gl
and execute the KINEROS2 model. Parcel data is commonRyactices, as well as its contribution to the overall hydgylof
available from the local city or county o ce. With the avalidity ~ the urban watershed.
of high-resolution imagery, each parcel can be digitizedtoeet The inltration and runo maps from Figure 3 can help
roof, driveways and yard areas. Stormwater ow routes for afdentify parcels with lower in Itration, and that generatedtier
urban watershed can be digitized based on slope calculated fr 'uno . These parcels can then be potential targets for instiaife
terrestrial airborne surveys, using Light Detection ancdh§iag ~ Of Gl practices to capture rainwater using cisterns, or encourage
(LIDAR), Structure from Motion (SfM), or another alternative. in ltration by installing retention basins or permeable g@gways.
For the purpose of this study, the SSURGO dataset was utilized Rptential impacts of Gl applications can be analyzed for
extract soil parameters. However, in order to consider clearig ~ before-after scenarios using the di erencing capabilityilatte
soil properties due to compaction and landscape modi cationsin the AGWA Urban tool. Potential ood-prone streets and
eld measurements can be converted into spatial data for usétersections can be identi ed using the accumulated runoam
in the GIS. Precipitation data is usually measured using &igure 3 right). Street Gl practices, such as curbside retention
number of rain gauges depending on the size of the watersheBiasins, swales, or tra c circles can then be designed to ntitiga
Additionally, estimated ground accumulated rainfall isdable ~ 00d at these locations.
through precipitation products derived from Next Generation
Weather Radar (NEXRAD) system from the NOAAs National AGWA Urban Tool Validation
Centers for Environmental Information (NCEI) for a numbef o Validation results indicate that runo volumes, on averagee
locations in the USA. The availability of these spatial ddasasepredicted well by KINEROS2, while peak ows are generally
and the ability to import them into the GIS, helps simplify and over-predicted for the validation con guration. Over-pretiion
speed up the process of setting up the KINEROS2 model usirgf volumes and peak ows may be due to a lower time of
the AGWA Urban tool. concentration on the parcels due to misrepresentation of phi/sica
The use of individual parcels to de ne the smallest modelingeality. This misrepresentation may be a result of the assignpt
urban element in KINEROS2 enables a ne-scale simulation ahat all front yards (CP) and non-contributing (NC) areas each
urban hydrology. The nine urban overland areas can simulatparcel are equal to 10% of the lot area. For example, a parcel may
a number of combinations of ow-o and ow-on areas at have a smaller simulated pervious area (CP) that captures and
a detailed scale. It is important to note that the KINEROSZetains roof runo (ICl), as compared to the physical realitys A
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FIGURE 7 | Trends in percent reduction of peak ows for each of the Gl scearios (S2, with retention basins; S3, with permeable driveays; and S4, with rainwater
harvesting) as compared to S1 (without any GI practices) péaows.

a result, the simulated volume of runo reaching the streists scale, with roofs being the primary contributor to rainfakoess,
higher, resulting in higher peak ows for that particular exen especially in the semiarid region of Southwestern USA. This
Another reason could be that some of the parcels may have supports that rainwater harvesting is a good alternate soafce
larger non-contributing area, such as a backyard that stared  water for irrigation, toilet ushing, and consumptionThomas

in Itrates most of the runo , instead of contributing as ovland et al., 2014; Silva et al., 2015; Campisano et al.,)2Hbwever,

ow to the street. In the La Terraza urban watershed, the yardoof runo could be a source of chemical or microbial pollutan
area can be up to 4.5 times the footprint of the living areasThiand could have health risks from its use as drinking watere(
may result in lower observed runo volumes and peak ows at2009; Gwenzi et al., 20L5Hence, treatment of this water is
the outlet, when compared to the simulated results. essential before potable household use.

Roof Runoff Analysis Case Study Scenarios
Roof runo analysis estimated that on an average, 70% of th€ase study scenarios indicated that retention basins were
roof runo captured every year was available for householc ective at volume and peak ow reduction as compared
use. Monthly rainfall volumes, averaged over a period of 1@ permeable driveways and rainwater harvesting, partitylar
years show seasonal trends with more rainfall occurringhi@ t during the monsoon months. The monsoon months result in
months of June, July, August, and Septembab(e 2. These larger rainfall volumes, thereby causing larger rainfaitess
months represent the monsoon season with short durationavailable for capture. Permeable driveways showed betigmeo
high intensity thunderstorms caused due to convectionnfdli and peak ow reductions for smaller events during the non-
volumes are lower in the winter months and are characterizethonsoon months of the year. During these months, rainfall
by long duration, low intensity storms due to frontal lifin intensity is generally low and could possibly be closer to the
(Sheppard et al., 2002; Brooks et al., 200he roof runo in Itration capacity of the permeable driveway. The capailit
capture potential is high for the monsoon season, when moref rainwater harvesting cisterns to reduce runo volumesdan
water is available via rainfalF{gure 6). This harvested rainwater peak ows is largely limited by the size of the cistern, and g th
can be stored and utilized during the drier months of the yéar proportion of roof area available vs. the total parcel areahWit
a semi-arid climate, this harvested rainwater can augmesntce  larger cisterns, and roof areas, higher runo volumes andkpea
water supply sources in order to meet daily household watereduction should be expected.
needs. Gl design can play an important role in determining
City of Tucson Pima Country (200€pnducted an evaluation e ectiveness in runo and peak ow reductionlL(u et al., 201}
of the use of stormwater and rainwater as a supplemental watdris important to note that the Gl designs used in this studyreve
source. This study looked at potential harvestable rainiate “back-of-the-envelope” values in order to represent posdiile
di erent scales ranging from a parcel to a tributary watercsmir installation due to lack of physical implementations. For epéan
in the semi-arid climate of Southern Arizon&igure 8 reveals for an average parcel size of 1,788, m retention basin would
that the greatest opportunity to harvest rainwater is at thecpr have a surface area of 178 and depth of 0.3 m, with a retention
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FIGURE 8 | Harvestable rainwater at different watershed scalesS(ty of Tucson Pima Country, 2009. Figure created by Dr. Evan Can eld (used with permission).

volume of 53.4 rA. This retention volume may be considered retention basins as shown iRigure 2 As a result, initial soil
on the higher side, possibly representing a best-case soenasaturation in these pervious areas will a ect the overall runo
which may or may not be a practical implementation. However, and peak ows for scenario S3 and S5, simulating the retention
3.785 ni cistern is a reasonable assumption for implementatiorbasins.
at a housing parcel level. Additionally, the case study assum  Other studies show similar results in volume and peak ow
that basins and cisterns were empty at the start of each evemgductions using di erent combinations of Gl practices|qyd
which may not be the case in real-world scenarios. If a aisteret al., 2002; Ahiablame et al., 2013; Palla and Gnecco, 2015;
is not emptied between events, it may result in higher roofAhiablame and Shakya, 2016; Eckart et al.,, 2017; Fry and
generated runo . As a result, this assumption can lead to aMaxwell, 2017; Hu et al., 20).7These studies conclude that
under-estimation of overall runo exiting from a parcel. there is scope for volume and peak ow reduction at various
Initial soil saturation in between rainfall events can a ectwatershed scales using Gl practices. The design criterredbt
predicted runo in the KINEROS2 modelMatheendradas et al., practices largely determines their e ectiveness. Spatiévidity
2009. Therefore, these case study results are limited by thie Gl implementation could also in uence level of e ectiveness
assumption of a 0.2 initial soil saturation. This value reprégs  These studies also provide an insight in the potential designs
the soil saturation at permanent wilting point for sandy loamand locations of Gl practices for their respective watersheds
soils commonly found in this region\{oolhiser et al., 1990  Future research should be guided toward spatial varialufitg|
simulating a best-case in ltration scenario. With variabhitial ~ implementation, to understand its e ects on volume and peak
soil saturation in between events, uncertainty in simulaieno ow reduction.
can be expected. In general, higher initial soil saturatiah w
result in a decrease in the inltration capacity of the soil, CONCLUSIONS
thereby resulting in larger simulated runo and peak ows.
In the KINEROS2 urban element, initial soil saturation only The AGWA Urban tool provides an easy-to-use GIS framework
aects areas modeled as directly connected pervious (DCRp prepare and execute the KINEROS2 model in order to simulate
and connecting pervious (CP). KINEROS2 assumes a constaiifban hydrology and green infrastructure. The KINEROS2
seepage rate for retention basins and permeable drivewaygedel is able to model the built environment with the help bét
Thus, initial soil saturation does not in uence the amount 0 yrban element that utilizes nine overland ow areas to siatel
rainwater harvested o the roofs (scenario S4), nor the antaf ow-on and ow-0 processes for di erent areas. For a typical
rainfall directly in ltrated in retention basins (S2) or pereable yrban parcel, the roof, driveway, yards, and swimming poais, ¢
driveways (S3). However, DCP and CP contribute runo to thepe represented by indirectly connected impervious (ICl)edity
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connected impervious (DCI), directly connected pervious @C For 786 rainfall events, the street network was the sole
and connecting pervious (CP), and non-contributing (NC) contributor to runo and peak ow at the watershed outlet for
ow areas, respectively. Gl practices such as retention basinS2 and S5 simulations. This was because the retention basin
permeable driveways, and rainwater harvesting cisterns camas capable of retaining all of the overland runo originain
be represented using the RB, DCI, and ICI urban elemenbn the parcel, representing a best-case scenario. A rainiafite
components respectively, by providing appropriate parametergor July 11, 2014 was the only event for which the retention
A combination of multiple urban elements can de ne an urbanbasins were overwhelmed, and the parcels contributed owtrlan
watershed. runo to the street network. The magnitude of this rainfall

The AGWA urban tool utilizes spatial data, such as parcelgvent compares to a 3-h 200-year recurrence interval event
streets, land cover, precipitation, and soils, to extract tnpudetermined from NOAA Atlas 14's point precipitation estimates
parameters required by the KINEROS2 model. Each individudfor this event, scenarios S2 and S5 resulted in higher peak ow
parcel can be represented using the KINEROS2 urban elememduction at the watershed outlet as compared to S3 and S4
(Figure 2), and can be associated with a unique set of parameter@igure 4).
The AGWA Urban tool is able to extract these parameters from Analysis of all peak ows at the watershed outlet for the
input spatial datasets to prepare and execute the KINEROSB7 events revealed that S5 had the highest overall peak ow
model. The tool also compiles and synthesizes the simulatioreduction followed by S2, S3, and S4, when compared to the base
results for visualization in the form of runo and inltraton  scenario S1 without any Gl practiceBidure 7). Interestingly,
volume maps Figure 3), as well as peak ow hydrographs permeable driveways in S3 were more e ective than rainwater
(Figure 4). In Itration and runo volume maps can help identify harvesting in S4 for lowering peak ows compared to no Gl
parcels with lower in Itration and higher runo volumes as practicesin S1, and percentreduction decreased as the mdgnit
potential Gl implementation sites. Percent change analyses caf S1 peak ows increased. Limited driveway sizes and the
be conducted to understand the impacts of Gl implementatiordivergence between rainfall intensity and in ltration cajigat
on a parcel-by-parcel basis. larger events restrict the in Itration potential, which exptaithis

The AGWA Urban tool was validated using 47 rainfall eventgrend.
on the La Terraza subdivision in Sierra Vista, Arizona. ysixt  This study primarily focused on the potential of lot-level Gl
six parcels were identi ed and modeled as an urban watershegractices to capture rainfall excess in order to augment water
Simulated runo volumes and peak ows were compared withsupply in semi-arid regions. Roofs can have the highest potential
observed values at the outlet of the watersheid{re 5. The to capture rainwater for domestic use. Rainwater capturedyri
regression equation for the runo volumes comparison yiglde the larger monsoon events can be stored for use during the drie
a slope of 1.00 with aR? value of 0.80, and yielded a slope ofmonths. We can conclude from our analysis, that appropriate
1.12 with anR? value of 0.83 for the peak ow comparison. In Gl designs can be extremely e ective at capturing rainfalkssc
general, runo volumes were well predicted, but peak ows wereon site for smaller events. It is important to note that these
over-predicted by the model. conclusions are based on speci ¢ Gl designs, and will require

Seven-hundred and eighty-seven rainfall events werkiture research to compare the impact of di erent Gl designs
simulated on the same urban watershed over a period of 10 yeafsr each of the practices, for a variety of return period events.
from January 2006 to December 2015 to analyze the potentiblowever, we also advocate the use of the AGWA Urban tool
to capture roof runo via harvesting cisterns. Simulationuéis  for exploring Gl construction options in arid and semi-arid
indicated a 15% capture of the average monthly rainfall valumenvironments, for the purpose of water conservation and reduced
with a volume capture rate of 0.28%m?2. Additionally, roof catastrophic surface ow during storm events. With the susces
rainwater harvesting has the potential to provide up to 70% obf the various modeling scenarios presented in this study, we
the domestic annual per capita water use in Cochise Countyecommend the use of the AGWA Urban tool for modeling
Arizona. hydrology and Gl practices in the built environment.

Five scenariosl@ble 1) were simulated to analyzg the impact
and e ectiveness of retention basins (S2, 53.31 amerage
volume), permeable driveways (S3), and rainwater har\@stirpATA AVAILABILITY

(S4, 3.78 rcapacity) on runo volumes and peak ows at the . .
. . Datasets are available on request. The raw data supporting the
watershed outlet. Retention basins in S2 reduced runo vatsm : . - . :
conclusions of this manuscript will be made available by the

by almost 30%, permeable driveways in S3 reduced runo . . .

volumes by 14%, and rainwater harvesting in S4 was success?HI[horS’ without undue reservation, to any quali ed ressr.

in capturing around 6% of the runo volume. A combination

of all three Gl practices in S5 resulted in identical volumeélan AUTHOR CONTRIBUTIONS

peak ow reduction as S2. Seasonal trends were also observed

for all scenarios, with an increase in e ectiveness in runo DPG, DCG, IB, and WK were the original developers of
reduction for S2, S4, and S5 for the monsoon months of JuUnGWA. DCG and CU developed numerous features of
July, August, and September, when high-intensity rainfaihesy KINEROS2. DPG, DCG, CU, and WK designed the La Terraza
are observed. However, permeable driveways in S3 showed loweudy. DPG and DCG were YK's supervisors. YK and IB designed
runo volume reduction for larger events during the monsoon and developed the AGWA Urban tool. All authors helped write
season. the paper.
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